In this paper, the main layers of a HVDC control architecture based on autonomous converter control have been implemented and a range of tests have been conducted to assess the system's steady-state and transient performance.
Introduction
There have been a number of proposals to interconnect offshore generation to a common Voltage Source Converter (VSC) High Voltage Direct Current (HVDC) Multi-Terminal (MT) system, such as the European Super Grid. The connection of offshore generation to a common DC grid has the potential to reduce the volume of assets installed offshore and to improve operational flexibility when compared with more conventional point-to-point VSC-HVDC systems. The regulation of the DC link voltage for a MTDC system is however more complex than in a point-to-point system.
Droop control is generally seen as the preferred MTDC control method as it enables more than one converter to participate in the regulation of the DC voltage simultaneously. Autonomous Converter Control (ACC), which was originally proposed by Alstom Grid [1, 2] , is seen as one of the leading forms of droop control for MTDC systems. The work which has been conducted thus far has mainly focused on the key control principles operating under normal conditions. The objective of this paper is to further develop and verify the DC grid control concepts by implementing the supplementary control layers, such as the DC Power Flow Solver (PFS) and converter control, and by investigating the system's performance when the DC grid is working near the limit of its operating frame.
Grid Control Architecture
A simplified diagram of an example HVDC grid control architecture is shown in Figure 1 . The HVDC grid could be connected to one or more AC systems, which may be a mixture of traditional onshore AC networks, windfarm power plants and passive loads. The Energy Management System's (EMS) key function is to determine the DC power (P dc *) orders for each VSC. In order to do this an offshore energy market would probably be necessary. The EMS could also provide additional services such as AC frequency regulation at an extra cost.
The droop gain (K droop ) for each converter, which would be set by the EMS, affects how much the power of that converter changes due to a transient event. Some AC system operators may wish to pay to have a droop gain which results in minimal power variation, while other system operators could be compensated for being more flexible.
The main function of the Power Flow Solver (PFS) is to calculate the target DC voltage (V dc *) for each node, in order to obtain the target DC node powers without exceeding the system's nominal operating limits. The PFS sends the DC voltage order, DC power order and droop gain setting to each VSC control system. The VSC control systems then manipulate their AC converter voltage references (V ac *) to achieve the target DC voltage and local reactive power order (Q*).
The implementation of the EMS is predominantly a policy issue rather than a technical one. This paper therefore focuses on the implementation of the other control layers. 
NAWC Model
For this work a model has been developed in PSCAD which is based on the DC configuration of the Northern section of the Atlantic Wind Connection (NAWC), as shown in Figure 2 [3]. The reader should be aware that the DC configuration of this system is based on publicly available information and that no attempt has been made to model the New York/New Jersey power systems. 
A. Voltage Source Converter
One of the key components in a HVDC grid is the VSC. In 2010, the Trans Bay cable project became the first VSC-HVDC scheme to use Modular Multi-level Converter (MMC) technology [4] . Today, the main HVDC manufacturers offer a VSC-HVDC solution which is based on multi-level converter technology due to its superior efficiency. It is assumed that the NAWC would employ the Half-Bridge (HB) MMC since it is the only type of MMC which is currently in commercial operation.
There are many techniques for modelling a HB-MMC [5, 6] . Average Value Models (AVMs) are used to represent the HBMMCs for this work since their accuracy is sufficient for the studies being conducted and they are significantly more computationally efficient than the more detailed models [5] . The MMC-AVM used in this system is implemented and parameterised according to [7] .
B. Other components
The system's HVDC cables are rated for a nominal power of 1GW at 300kV. The cables are modelled using the frequency dependent phase model which is said to be the most accurate and robust cable model commercially available [8] . In the absence of publicly available data for a commercial HVDC cable model, the estimated geometric and material properties given in [9] , with the exception of the shunt conductance, are employed for this work. The shunt conductance is set to 1x10 -10 S/m in order to minimise the possibility of passivity violations [10] .
Dynamic Braking Systems (DBS) are normally employed on VSC-HVDC schemes used for the connection of windfarms, in order to regulate the DC voltage by dissipating excess wind energy [11] . The DBSs used is in this system employ the two threshold control strategy and are designed to limit the maximum DC voltage to 1.1p.u.
The windfarms are modelled as a three phase voltage source connected to a 33kV/220kV transformer. The source is controlled using a dq controller to inject active power into the offshore MMCs. The wind turbine, generator and back-toback converter are represented by an approximation of their dominant electrical dynamics, i.e. as a first order power transfer function. The time constant for a large commercial wind turbine is expected to be about 15s, however such a large time constant would require lengthy simulation times and for illustration it is therefore reduced to 0.15s for this model.
Control Layers

A. Power Flow Solver
In order to calculate the DC node voltages for the given target DC node powers, one DC node voltage must be known. This node is typically referred to as the DC slack bus. The objective of the PFS is to determine the node power for the slack bus and the node voltages for the other nodes.
By assuming that the cables' shunt conductance can be lumped together and split equally between the ends of each cable, the node powers for a system with n nodes can be calculated using equation (1), where " .  " denotes elementwise multiplication.
The matrices for the node powers, (2) and (3).
  
Equation (1) can be solved using the widely used Newton Raphson (NR) method [12, 13] . The NR method is an iterative solution which requires an initial estimate of the node voltages in order to calculate the injected power at each node. The calculated injected powers at each node are then compared with the target node powers in order to calculate the error. If the error is within the required tolerance then no further calculations are required. However, if the error is outside the required tolerance then it is used to calculate the change in the node voltages for the next iteration, as described by equation (4) where [J] is the Jacobian matrix.
A PFS has been developed in MATLAB with a PSCAD interface for the NAWC model. The key steps for the PFS are shown in the flow chart presented in Figure 3 . The user enters the target voltage for the DC slack bus (MMC1) and the target DC powers for the other two onshore converters (MMC2 and MMC3). The "target" DC powers at the offshore nodes are measured since the system operator is unable to directly control wind power. If the DC power orders are likely to overload MMC1, error code 1 is passed to PSCAD, which informs the user that the target power orders for MMC2/3 must be modified. Providing that this is not the case, the PFS will calculate the nodal powers in an iterative fashion until they are within their error tolerance. The PFS then checks that the nodal DC powers, DC voltages and cable currents are within their specified limits before issuing new DC voltage and power orders in PSCAD. If any of the DC limits have been violated, the PFS will not issue new DC voltage orders and will instead issue the appropriate error code to indicate to the user which violation has occurred. 
B. VSC Controls
A review of MTDC control methods is given in [14] . Generally speaking, these methods can be categorised as centralised DC slack bus, voltage margin control, droop control or a combination of the aforementioned control methods. Unlike DC slack bus and voltage margin control, droop control enables more than one converter to regulate the DC voltage simultaneously and therefore the burden of continuously balancing the system's power flow is not placed upon a single converter. There are many types of droop controller, however they all work on the principle of modifying the converter's active power flow in order to regulate the DC voltage in accordance to their droop characteristic. The gradient of the droop slope determines the converter's response to a change in the DC voltage/current. The converter operates in current limit mode when the DC voltage thresholds are reached.
The droop controller used for this work is referred to as the Autonomous Converter Control (ACC) which was originally proposed by Alstom Grid [1] . The basic implementation of the ACC and the generic VSC control system which is used for this work is shown in Figure 4 and Figure 5 . The controller receives the DC power order, the Load Reference Set-Point (LRSP) and the droop gain from the PFS. It should be noted that the LRSP is the same as the target DC voltage. The term LRSP is used in this paper as it is in keeping with the original literature on the ACC [1] . At steady-state, I dc will be equal to I dc * providing that the PFS is accurate, and hence the voltage order sent to the DC voltage controller, V dco *, is equal to the LRSP. However, during transients, V dco * varies in accordance to the droop characteristic ((I dc -I dc *)K droop ).
Feedback PI controllers are used to generate the d-axis and qaxis current orders required to obtain the target DC voltage and reactive power respectively. The current controller is a fast feedback dq controller, which produces a voltage reference for the VSC based upon the current set-point from the outer feedback controller [10] . The inner VSC controls are not modelled since AVMs are used to represent the VSCs.
The AC voltage magnitude and frequency for the offshore networks is set by controlling the d-axis voltage without an inner current loop and by using a voltage controlled oscillator to set the angle based on the frequency set-point for the offshore network.
Operating Frame
The operating frame of the system defines, amongst other parameters, the DC voltage and DC current limits in the system at steady-state and for transient events. An example of the DC operating frame limits is given in Table 1 . The system will remain at the post-transient operating point until the PFS is able dispatch a new set of converter orders. The time it takes for the PFS to send a new set of converter orders could be less than 10ms for a small system with a high update frequency or more than several hours if the PFS or telecommunications has failed. The possibility of the later scenario occurring is likely to result in the DL1 limits being set within a few per cent of the nominal limits. It is also important to consider the impact the lower DC voltage limit will have on the maximum available AC converter voltages, as this may adversely affect the control of the converters.
For some transient events the DL2 limits will be violated and protective actions are required. For example in the event of a severe fault in the onshore AC system, the onshore converters may not be able to export all of the wind power leading to a violation in the upper DL2 DC voltage limit. For this work, once this limit has been violated the DBSs are activated to regain control over the DC voltage. Figure 6 gives a more detailed view of the HVDC grid control architecture employed and the control layers which have the greatest impact on the different operating frame limits.
In order to ensure that the DL1 operating frame will not be violated, the DC voltage and current values must be known for the new operating point following the worst case transient event.
As part of this work, guidelines were developed to help determine the scenario(s) which are likely to result in a DL1 violation. For example, the following could be used for selecting the scenario(s) which are likely to result in the highest short-term DC voltage:
1. Only one converter is able to regulate the DC voltage. Once the worst case scenarios have been identified, the new voltage and current values (after the transient event) can be determined. Since only one converter is regulating the DC voltage for many of the worst case scenarios, the approximate power flow after the transient event is known. This enables a simple droop equation to be used to calculate the DC voltage value for the converter which is regulating the DC voltage. This value can then be used by the PFS to determine the DC voltage at the other nodes. For scenarios where the approximate power flow is not known a more accurate generalised power flow solver or linearized equations can be employed [13, 15] .
Large droop gains for ACC (steep droop) increase the likelihood of operating frame violations, however small gains reduce the ability of the ACC to influence converter power sharing for transient events. When tuning the ACCs in this work a starting droop gain of 10 (kV/kA) is used. This gain is then reduced in an iterative fashion until there are no operating frame violations for the selected worst case scenario.
Simulation Results
A number of case studies were simulated, the results of which are presented in this section. Unless stated otherwise, the target DC voltage for VSC1 is 594kV and the droop gain for all ACCs is 3.5 (kV/kA).
A. Steady-state error
The active power injected into the DC system by windfarm 1, P dc4 , windfarm 2, P dc5 , and windfarm 3, P dc6 , are approximately 500MW, 250MW and 600MW respectively. The target DC power orders for VSC2, P dc2 , and VSC3, P dc3 , are set to 600MW and 400MW respectively. The system's DC power flow accuracy is given in Table 2 . It should be noted that only the DC power values for VSC2 and VSC3 are included in Table 2 , as these are the only values which the user is able to control. This result shows that accurate control of the steady-state power flow can be achieved; however such a high degree of accuracy should not be expected in a practical system due to factors such as measurement errors. Hence, using a very small error tolerance parameter in the PFS will not necessarily improve the power flow accuracy. 
B. Droop control using same droop constants
The initial DC power and voltage orders to the converters are set to the same values as in the previous scenario. The droop gains for all of the converters employing ACC (1, 2 & 3) are set to 3.5 and the PFS is disabled. At 5s, the power injected by windfarm 2 increases from 250MW to 750MW. Figure 7 shows that all of the converters operating in ACC regulate the DC voltage by sharing the DC power increase. The onshore converters share the increase in wind power according to the system's configuration, droop gain, initial operating conditions and the point in the system where the wind power is increased.
C. Droop control using different droop constants
This scenario is the same as the previous scenario, except that the droop constant for VSC3 is reduced to 1.5. Figure 8 shows that VSC3 participates more actively in the regulation of the DC voltage as a result of reducing the droop constant.
D. Droop control using same droop constants with PFS
This scenario is the same as the scenario in section B. except that the PFS is enabled with an update frequency of 10Hz. The PFS automatically adjusts the converter set-points to obtain the target DC power flows for VSC2 and VSC3, as shown in Figure 9 . Note that the target DC voltage for VSC 1 is reduced to prevent a nominal DC voltage overvoltage.
E. Disconnection of onshore converter
The active power injected into the DC system by windfarms 1, 2 and 3 are approximately 500MW, 900MW and 600MW respectively. The target DC power orders for VSC2 and VSC3 are set to 1000MW and 500MW respectively and the PFS is enabled. At 3s the AC circuit breakers for VSC2 are tripped and the system's response is shown in Figure 10 . This figure shows that VSC1 and VSC3 respond to the event by rapidly exporting more active power in order to regulate the DC voltage. It should be noted that if VSC1 and VSC3 were unable to export the active power lost by VSC2 then the DC voltage would increase to approximately 630kV, at which point the dynamic braking resistors would be enabled.
F. DL1 operating frame test
From the guidelines set out in section 5, the following scenario was identified as one of the worst case scenarios which could cause a DL1 violation. In this scenario, the windfarm power is initial set to zero, VSC2 is blocked and VSC1 is importing maximum power (1GW) at the upper nominal voltage limit (600kV). For this scenario it is assumed that up to 1400MW of wind power could be injected into the DC grid before the PFS is able to act. Based on the method outlined in section 5, the droop gain should not be set above 3.5 (kV/kA) as this would cause a DL1 violation. At 5s the active powers for windfarms 2 and 3 are increased to 400MW and 1000MW respectively and the PFS is disabled as shown in Figure 11 . VSC3 exports an additional 20MW to its 1000MW limit and then VSC1 must regulate the DC voltage by exporting close to 380MW. The maximum DC voltage for this scenario when using a droop gain of 3.5 was estimated to be 611.3kV, which is close to the simulated value of 611.1kV.
Conclusion
In this paper, the main layers of the overall HVDC grid control architecture have been described and the key VSC control signals have been defined. A model based on the DC configuration of the northern section of the Atlantic wind connection has been implemented with the main control layers in PSCAD and Matlab. A range of tests have been conducted which show that the control system is able to accurately control DC power flow in steady-state and to maintain grid stability for fast transient events without exceeding the dynamic operating limits. 
